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Abs t rac t – We present results of a sys tema t i c
study of the effect of film deposition temperature
on both the linear and nonlinear response of super-
conducting YBa2Cu3O7-δ (YBCO) thin films and de-
vices at microwave frequencies.  Measurements o f
the unpatterned films show that samples grown b y
pulsed laser deposition at a lower substrate tem-
perature (740 ˚C) display a smaller low-temperature
residual surface resistance compared to films g rown
at a higher substrate temperature (780 ˚C).  How-
ever, the same films which display low residual sur-
face resistance also show increased nonlinear e f -
fects (measured by third harmonic generation) at a l l
temperatures.  Analysis of these results s u g g e s t s
that the increased defects present in the f i l m s
grown at the lower deposition temperature are re-
sponsible for both the lower surface resistance and
the higher third harmonic generation observed i n
these samples.  We discuss the consequences o f
these results for the simultaneous optimization o f
both linear and nonlinear microwave properties o f
HTS thin films and devices.

I.  INTRODUCTION

One of the first areas of practical application for high tem-
perature superconductor (HTS) devices is passive microwave
circuits [1]-[3].  In order to maximize device performance,
much effort has been expended in learning how to fabricate
HTS materials with very low surface resistance[1].  In addi-
tion to low microwave loss, however, HTS materials can
exhibit detrimental nonlinear behavior at microwave frequen-
cies [4,5].  It is becoming increasingly apparent, for some
applications at least (such as transmit and receive filters), that
it is desirable to fabricate devices that have both low non-
linearity and low microwave loss.  Since the origins of non-
linearity in HTS devices are not well understood, it is not
immediately obvious if the same film growth conditions that
lead to low surface resistance will also produce low nonlinear-
ity.  In the case of single crystals of YBa2Cu3O7-δ (YBCO),
for example, increasing concentrations of certain types of

impurities produces a lower surface resistance [6]. While the
effect of such impurities on the nonlinear response is un-
known, it is certainly possible that factors which lead to the
lowest surface resistance could result in increased nonlinear
effects.

In this paper we present results of a systematic study of the
effect of film deposition temperature on both the linear and
nonlinear microwave response of HTS materials fabricated by
pulsed-laser deposition (PLD).  This study is not intended to
be a comprehensive survey of all possible film deposition
conditions, but is rather meant as an initial effort at the si-
multaneous optimization of linear and nonlinear microwave
properties of HTS thin films.  We find evidence that the in-
crease in defects resulting from film growth at lower deposi-
tion temperatures leads to a smaller low-temperature surface
resistance (Rs) and also gives rise to a larger nonlinear re-
sponse.  These results point to the need for detailed study of
the effects of different kinds of defects and disorder on the sur-
face resistance and nonlinearity, in order to develop films and
devices optimized for both low surface resistance and low
nonlinearity.

II.  FILM  DEPOSITION/CHARACTERIZATION

We have grown a series of 18 YBCO thin films by pulsed
laser deposition on LaAlO3 substrates while systematically
varying the film deposition temperature between 740 ˚C and
790 ˚C [7], holding the oxygen pressure during deposition
constant at 68 Pa (500 mTorr).  From this series we select
four films grown at  740 ˚C and four films grown at 780 ˚C
for detailed evaluation.   The films are 15 mm x 15 mm in
area, and are all nominally 400 nm thick.  Films grown at
780 ˚C have an inductive Tc (onset) of 90.5 K to 90.9 K,
whereas the samples grown at 740 ˚C have an inductive Tc
approximately 0.5 to 1 K lower than the 780 ˚C films.  In-
ductive measurements give similar values for the critical cur-
rent density at 76 K (Jc = 3.2 to 3.5 x 106 A/cm2) for both
the 740 ˚C and 780 ˚C films.  Scanning electron microscope
(SEM) images show a roughly constant density of surface
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outgrowths (“boulders”) for all films, but the films grown at
lower deposition temperature show a significantly larger den-
sity of growth islands than films deposited at higher tempera-
tures, which is consistent with earlier observations [8].  In
addition to producing a larger density of growth islands, the
lower deposition temperature is generally thought to incorpo-
rate more defects into the film as it grows [8].  The motiva-
tion for varying the film deposition temperature in this study
is therefore to investigate the effect of these kinds of defects
on both the linear and nonlinear electrodynamic properties of
these materials at microwave frequencies.  

In addition to the standard characterization described above,
we also select representative samples grown at 740 ˚C and
780 ˚C for further microstructural analysis, which includes
Raman spectroscopy measurements [9], and high resolution
x-ray diffraction measurements [10].  Raman spectroscopy
measurements on the 740 ˚C and 780 ˚C samples show that
both sets of films have similar levels of cation disorder
(approximately 2-3%), and similar low levels of a-axis cover-
age.  The x-ray measurements are performed using a diffrac-
tometer which has a very high angular resolution of approxi-
mately 0.0025 degree [10].  The c–axis lattice parameter is
determined to be 1.168 nm for all samples, indicative of fully
oxygenated YBCO material.  In addition, the x-ray measure-
ments show no evidence for  a-axis growth down to the reso-
lution limit of the instrument, estimated to be < 2%.  (The
presence of a-axis growth is inferred from the presence of the
(200) peak in the θ-2θ scans.)  These measurements reveal
little structural difference between samples grown at different
deposition temperatures, but reinforce the conclusion that all
the films investigated are structurally good.

III.  UNPATTERNED MICROWAVE MEASUREMENTS

We measure the surface resistance at 76 K of all films us-
ing a sapphire dielectric resonator operating at 17.5 GHz [11]
and obtain values in the range 0.8 to 1.3 mΩ (which gives
0.26 to 0.42 mΩ when scaled by f2 to 10 GHz). We find that
the surface resistance at 76 K increases slightly for the films
grown at lower deposition temperatures.  For the 740 ˚C and
780 ˚C sets of films we also measure the microwave loss as
a function of temperature, shown in Fig. 1.  These measure-
ments illustrate that at low measurement temperature the
740 ˚C films have a significantly lower surface resistance
than the 780 ˚C films, resulting in a higher (unloaded) reso-
nator quality factor.  This behavior is also displayed in the
inset of Fig. 1, which shows values for Rs at 17.5 GHz ex-
tracted from the dielectric resonator measurements.   

To further investigate the difference in microwave response
of our YBCO films grown at different deposition tempera-
tures, we extract from our temperature-dependent Rs measure-
ments the real and imaginary parts of the complex conductiv-
ity (σ = σ1 + i σ2), which are shown in Fig. 2.  This is ac-
complished by combining the temperature-dependent meas-
urements of the quality factor and frequency shift of our di-

electric resonator with measurements of the penetration depth
at 77 K [12] on representative samples.  Note that the films
grown at lower deposition temperature exhibit a smaller value
of σ1 than the samples grown at 780 ˚C over the entire tem-
perature range. (The smaller σ1 could result from a higher
quasiparticle scattering rate, since the quasiparticle scattering
rate is inversely proportional to σ1.)  A higher scattering rate
is consistent with the lower film deposition temperature pro-
ducing films having more defects.  In addition to a reduced σ1,
the lower deposition temperature also gives a smaller value of
σ2, which is an indication of a smaller superconducting carrier
density (or equivalently, a larger penetration depth).  Al-
though the decreased σ1 produces a lower surface resistance at
low temperature, by 76 K the effect of the lower carrier den-
sity (larger penetration depth) has caused the surface resistance
of the 740 ˚C samples to increase above the surface resistance
for the 780 ˚C samples.  This results in the cross-over at
approximately 70 K in the temperature dependence of the
dielectric resonator quality factor (and hence also in the surface
resistance) illustrated in Fig. 1.

IV.  DEVICE FABRICATION AND CHARACTERIZATION

In order to facilitate measurement of the nonlinearity in our
YBCO thin films at microwave frequencies, we pattern our
samples into coplanar waveguide (CPW) transmission lines
of varying dimensions using standard photolithography and
Ar ion milling.  We pattern many different CPW devices on a
single YBCO chip in order to verify that our measurements
yield the intrinsic material properties of the superconductor,
rather than possible measurement or device-related artifacts.
Both linear and nonlinear microwave measurements are per-
formed using a vector network analyzer and a cryogenic mi-
crowave probe station, which allows for the characterization
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Fig. 1.  Temperature dependence of sapphire dielectric resonator quality
factor for pairs of YBCO films grown at deposition temperatures of 780 ˚C
and 740 ˚C.  The inset shows values for the surface resistance at 17.5 GHz
extracted from the dielectric resonator measurements.



of many individual devices on a given chip during a single
cool-down.  Gold contacts are evaporated onto the CPW de-
vices to ensure good electrical contact between the movable
microwave probes and the patterned devices.  More details of
device fabrication and cryogenic probe station measurements
can be found in [13], [14].   

To make certain that the superconducting material has not
changed or degraded during device fabrication, we measure the
quality factor as a function of temperature for patterned CPW
resonators of length 11.35 mm and width 21 µm, which
have a fundamental resonant frequency of 3.7 GHz.  The re-
sults of these measurements, shown as points in Fig. 3, con-
firm that the patterned structures display the same qualitative
shape as observed in the unpatterned measurements, with the
740 ˚C samples having a higher quality factor than the
780 ˚C samples at low temperatures.   To further verify that

our CPW devices are operating as expected, we use a theoreti-
cal calculation of the phase and attenuation constant for su-
perconducting planar devices [15] to calculate the expected
quality factor for the CPW resonators.  We use as input to the
calculation the temperature dependent data for the surface re-
sistance and penetration depth measured on the unpatterned
samples, and obtain results which are shown as the solid and
dashed lines in Fig. 3.  Overall, we can conclude from these
resonator measurements that our patterned CPW lines are
operating exactly as expected from our unpatterned measure-
ments.

V.  NONLINEAR MEASUREMENTS

We characterize the nonlinear response of our supercon-
ducting samples using third harmonic generation measure-
ments as a function of microwave power in patterned CPW
transmission lines.  This technique detects the third harmonic
signal generated by nonlinearities in our system as a function
of incident microwave power.  We use a network analyzer in
continuous wave (CW) mode as a source to provide a single
tone signal at a frequency of 3 GHz.  This signal is fed into a
solid-state amplifier and then through a low-pass filter (which
removes unwanted harmonics generated by the source and
amplifier), and then into the cryogenic probe station contain-
ing our superconducting transmission lines. The fundamental
signal and any generated harmonics are sampled at the output
of the probe station using a 20 dB directional coupler con-
nected to a spectrum analyzer, while the main signal path is
terminated in a high power 50 Ω load.

The results of such a measurement of third harmonic gen-
eration as a function of incident power are shown in Fig. 4.  
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Fig. 3.  Quality factor for patterned CPW resonators vs. temperature, fabri-
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(The units of power quoted are decibels referenced to 1 mW,
abbreviated dBm.)  For nonlinearities that are small, we ex-
pect the magnitude of the third harmonic to increase with the
third power of the incident signal.  This yields a slope of 3
for the third harmonic signal when viewed on a log-log plot,
as illustrated in Fig. 4.  We obtain this type of behavior for
almost all of the devices that we measure.  We adopt the con-
vention to specify the nonlinearity in a specific circuit by
quoting the third-order intercept PTOI, which is defined as the
point at which the magnitude of the third harmonic would
become equal to the magnitude in the fundamental (see
Fig. 4).  In practice, the critical current density of the super-
conductor is exceeded well before this power is reached.
However, the third-order intercept is still a useful figure of
merit for specifying the nonlinearity associated with a given
component.  

We expect the simple “slope 3” behavior of the third har-
monic signal described above to be valid as long as the non-
linearity can be considered small.  If we drive the system at
high enough power, this small-signal approximation begins
to break down.  Such a case is illustrated in the inset of
Fig. 4, where the detected power in the third harmonic begins
to saturate at high incident power.  In defining an accurate
value for the third-order intercept, it is important to exclude
such regions where the assumptions of a small third harmonic
signal are no longer valid.

Having defined the third-order intercept as a quantitative
measure of nonlinearity for a given HTS device, we need a
way to relate third-order intercepts for devices having different
physical dimensions in order to make useful comparisons of
nonlinearity among different samples. We have developed a
method, described in another publication [16], which allows

the third-order intercept to be transformed to take into account
different device geometries, such as center conductor line
width, line length, and film thickness.  We accomplish this
by scaling the measured PTOI for different geometry samples
to a standard reference geometry [17].  In this manner we can
quantitatively compare the nonlinear response of different
samples even if the specific device geometry is different.  In
addition, we have also reported that the measured third-order
intercepts for our CPW devices are relatively insensitive to
the details of the device fabrication process.  These two ex-
perimental conclusions combine to give us a powerful tool
for determining the intrinsic material nonlinearities present in
our samples.

Fig. 5(a) shows the measured third-order intercepts as a
function of temperature for several different samples scaled in
the manner described above[17].  The samples grown at
740 ˚C have lower values of PTOI (indicating more nonlinear-
ity) than the 780 ˚C samples over the entire temperature
range.  This higher nonlinearity is in contrast to the results of
our surface resistance measurements for both the unpatterned
films and the patterned devices, which show better perform-
ance for the 740 ˚C samples over much of the investigated
temperature range.  Reference to Fig. 2 suggests two possible
reasons for the higher nonlinearity observed in the 740 ˚C
samples:  the 740 ˚C samples have a lower value of σ1

(implying perhaps a higher quasiparticle scattering rate), and a
smaller superconducting carrier density (or equivalently a
larger superconducting penetration depth).  It is likely that
both of these factors contribute to the increased nonlinearity
observed in the 740 ˚C samples.

To further investigate the origins of the observed differences
in nonlinear response, we use a simple model [16,18] that
relates third harmonic generation to an intrinsic material pa-
rameter, the nonlinear scaling current density J0.  This model
assumes a nonlinear inductance term in the characteristic
transmission line equations, which arises from a current-
dependent magnetic penetration depth.  In this analysis, the
third-order intercepts depend explicitly on the penetration
depth.  This model has been used to successfully describe the
observed  geometry dependence for a large number of CPW
devices, yielding the geometry-independent parameter J0 to
quantify the observed nonlinearity [16].  We use this model to
calculate the temperature dependence of the nonlinear current
density J0 in order to eliminate the intrinsic penetration depth
dependence of the measured third-order intercept PTOI.  The
resulting values of J0  as a function of temperature are plotted
in Fig. 5(b) for the 740 ˚C and 780 ˚C samples.  This figure
shows that the 740 ˚C samples still display more nonlinear-
ity (as evidenced by the lower value for J0 ) than the 780 ˚C
samples, even after the larger penetration depth has been taken
into account.  This suggests that the remaining difference in
J0 may be related to differences in the real part of the conduc-
tivity σ1.  If this is the case, then the quasiparticle scattering
may be at least partly responsible for both the lower Rs and
lower J0 observed in the more disordered 740 ˚C samples.
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Such a common origin is also suggested by the fact that the
ratio of J0 at low temperatures of the 740 ˚C and 780 ˚C
samples (approximately a ratio of 2) is roughly the same as
the ratio of the real part of the conductivity σ1 for the samples
at low temperatures; see Fig. 2(a).  

CONCLUSIONS

We have systematically explored the effect of varying the
film deposition temperature on both the linear and nonlinear
microwave response of HTS films and devices fabricated by
pulsed-laser deposition.  Our measurements suggest that the
increased defects present in films grown at lower deposition
temperatures are responsible at least in part for both the lower
surface resistance and also the higher nonlinearity observed in
these samples.  Further microstructural analysis is necessary

to understand the nature of the defects present in these sam-
ples.  In order to develop a viable process to produce films
with simultaneous low Rs and high PTOI, it is necessary to
find methods by which to decrease the real part of the conduc-
tivity (to achieve low Rs) without adversely affecting either
the penetration depth or the nonlinear scaling current density
J0.  These results illustrate the necessity of investigating the
effects of different kinds of defects and disorder on both the
surface resistance and nonlinearity in order to develop a proc-
ess for simultaneously optimizing both the linear and nonlin-
ear properties of HTS films and devices.
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